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Plasma Modification of the Electronic and Magnetic Properties of 
Vertically Aligned bi-/tri- layered Graphene Nanoflakes  
Sekhar C. Ray,a,* Navneet Soin,b,c Way-Faung Pong,d Susanta S. Roy,e André M. Strydom,f  James A. 
McLaughlinc and Pagona Papakonstantinouc 
Saturation magnetization (MS) of pristine bi-/tri-layered graphene (denoted as - FLG) is enhanced by over four (4) and 
thirty-four (34) times to 13.94 x 10-4 and 118.62 x 10-4emu/gm, respectively, as compared to pristine FLGs (MS of 3.47 x 10-
4emu/gm), via plasma-based-hydrogenation (known as Graphone) and nitrogenation (known as N-graphene) reactions, 
respectively. However, upon organo-silane treatment on FLG (known as Siliphene), the saturation magnetization is 
reduced by over thirty (30) times to 0.11 x 10-4 emu/gm, as compared to pristine FLG. Synchroton based X-ray absorption 
near edge structure spectroscopy measurements have been carried out to investigate the electronic structure and the 
underlying mechanism responsible for the variation of magnetic properties. For graphone, the free spin available via the 
conversion of sp2sp3 hybridized structure and the possibility of unpaired electrons from induced defects are the likely 
mechanism for ferromagnetic ordering. During nitrogenation, the Fermi level of FLGs is shifted upwards due to formation 
of graphitic like extra π-electron that makes the structure electron-rich, thereby, enhancing the magnetic coupling 
between magnetic moments. On the other hand, during the formation of siliphene, substitution of C-atom in FLG by Si-
atom occurs relaxes out the graphene plane to form Si-C tetrahedral sp3-bonding with non-magnetic atomic arrangement 
showing no spin polarization phenomena and thereby reducing the magnetization. Thus, plasma functionalization offers a 
simple yet facile route to control the magnetic properties of the graphene systems and has potential implications for 
spintronic applications. 
Introduction  
Graphene is a single atomic layer of sp2 hybridized carbon 
atoms covalently bonded to three other atoms arranged in a 
honeycomb lattice with a thickness of only 0.34 nm.1-7 Its 
unique structural, mechanical and electrical properties with 
high carrier mobility make it one of the most important topics 
in advanced materials science of the present era.8-14 Due to its 
unique properties, a variety of applications have been 
proposed and indeed reported in the literature including 
chemical sensors15, 16, nano-electronics devices17, hydrogen 
storage systems18 and polymer nano-composites19. Especially, 
graphene-based spintronics and magnetic materials are 
envisaged to be highly promising due to its extraordinary 
carrier mobility and may provide an easy way to integrate spin 
and molecular electronics.1 The long spin diffusion length of 
graphene makes it highly attractive for spintronic devices and 
has triggered a quest for integrating the charge and spin 
degrees of freedom.1 However, graphene is intrinsically non-
magnetic and lacks localized magnetic moment due to the 
delocalized π-bonding network, which limits its applications in 
spintronic devices.20 Therefore, synthesis of ferromagnetic 
graphene or its derivatives with high magnetization is 
necessary for spintronics applications. For the synthesis of 
ferromagnetic graphene, dopants like hydrogen, nitrogen, 
boron, silicon, sulphur, selenium and/or different transitions 
metals have been explored with varying degrees of success. 
 One important development since the discovery of 
graphene has been the discovery of the so-called graphone 
and graphane, which are partially/fully hydrogenated forms of 
graphene and were first theoretically reported by Zhou et al.21 
and Lu et al.22, respectively. In graphone/graphane form, the 
carbon atoms are sp3 hybridized making them particularly 
suitable for spintronic applications. The predicted 
graphone/graphane structures were later confirmed 
experimentally by Ray et al.23 and Elias et al.24 by exposing 
graphene to hydrogen plasma (ranging from a few minutes to 
several hours) and it was observed that the magnetic moment 
of plasma functionalised graphene is enhanced dramatically. 
ARTICLE Journal Name 
2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 
Please do not adjust margins 
Please do not adjust margins 
Graphane is predicted to have a stable structure with a band 
gap of 3.5 eV, consisting of a graphene layer in which each of 
the C atom is sp3-bonded to one H atom above and below in 
an alternating manner25; whereas graphone (one sided 
hydrogenation of graphene) has sp3 bonding of C with H on 
only one side of the graphene and is useful in electrical 
isolation for graphene-based circuits.26 The nitrogen-doping 
and/or N-functionalization of graphene has also been shown 
as an effective route to obtain high magnetization values 
owing to its comparable atomic size to carbon and the 
presence of five valence bonds with carbon atoms27, which can 
introduce magnetic moment into graphene28. Theoretical 
studies too have confirmed that the N-doping is an effective 
method to introduce magnetic moments into graphene.28-32 
These localized magnetic moments can be induced by different 
arrangement of N atoms with the pyridine and pyrrole like N-
doping defects breaking the degeneracy of the spin 
polarisation of graphene.28-32 Indeed, Liu et al.33 have observed 
high values of magnetization in ferromagnetic graphene oxide 
(GO), when doped with nitrogen. Post N-doping, the Fermi 
level shifts upwards due to presence of extra π-electrons 
which makes graphene electron-rich34 thereby enhancing the 
coupling via the reduction of the magnetic moment distance.33 
Zhang et al.31 proposed that the combination of vacancy 
defects and N atoms may provide a unique way for enhancing 
the magnetic moment of graphene. The silicon atoms, which 
are introduced into the graphene structure as heteroatoms, 
can also tune the magnetic and electronic properties of 
graphene35. Needless to say, the implementation of Si-doping 
in graphene requires a clear understanding of the effect of 
silicon atoms on graphene for the fabrication of various 
electronic and magnetic devices. It was experimentally 
observed by Pao et al.35 that threefold-coordinated Si in 
graphene results in sp3 hybridization. Besides, a single Si-
impurity in monolayer graphene and Si-doped bilayer-
graphene have also been investigated, which shows existence 
of covalent bonding between the Si atoms of different layers.36 
This stable linked structure strongly suggests the importance 
of interaction between Si-impurity atoms in graphene. 
However, unlike the hydrogen and nitrogen doping of 
graphene, there are only a handful of experimental studies on 
the electronic and magnetic properties of Si-
doped/functionalized graphene. Particularly, there are no 
reported studies on the magnetic properties of Si-doped 
graphene, so it is necessary and requires exploring these 
properties on this derivative graphene material (Si-doped 
graphene) for practical application as a diluted magnetic 
semiconductor (DMSs) in spintronics.37  
 In our earlier work, we had reported on the synthesis of 
hydrogen-functionalized graphene (referred as 
graphone/graphane) on graphene layer (referred as graphene 
supported graphone/graphane bi-layer nano-structure 
materials) and found that the magnetic moment is enhanced 
significantly with potential implications for their use in 
spintronic applications.23 We also reported that the GO shows 
higher ferromagnetism than reduced graphene oxide (rGO), 
and the origin of ferromagnetism was identified as the C-
2p(σ*)-derived states that involve defects/vacancies rather 
than C-2p(π*) states that are bound with oxygen-containing 
and hydroxyl groups on GO-sheets; which could also be use in 
spintronic applications.38 In the present study, we have further 
investigated the significant enhancement of magnetic 
properties of FLGs upon doping by nitrogen plasma (referred 
as N-Graphene). We have also studied the magnetic effect of 
organo-silane-treated (Si-doped/functionalized) graphene 
(referred as Siliphene) and compared with Graphone and N-
Graphene for the possibility of use in spintronic applications. 
The magnetic properties were studied by a superconducting 
quantum interference device (SQUID)-type magnetometer and 
magnetic force microscopy (MFM) measurements. The 
electronic structure and microstructural properties were 
correlated with magnetic properties using a variety of 
techniques including X-ray Absorption near Edge Structure 
(XANES), X-ray Photoelectron Spectroscopy (XPS), Raman 
spectroscopy and field emission analysis among others.  
Experimental 
Preparation of few layer graphene (FLG), Graphone, N-
Graphene and Siliphene 
The synthesis of FLG was carried out in a SEKI microwave 
plasma enhanced chemical vapor deposition system, equipped 
with a 1.5 kW, 2.45 GHz microwave source. The substrates 
used were bare n-type heavily doped Si wafers (resistivity < 
0.005 Ω.cm) (10 mm x 10 mm). Prior to growth, the substrates 
were pre-treated with N2 plasma at 650 W at 40 Torr while the 
substrate temperature was maintained at 9000C. Synthesis was 
then carried out using CH4/N2 (gas flow ratio=1:4) plasma at 
800 W for a duration of 60 s. The FLG were allowed to cool 
under a constant N2 flow. The conditions used were similar to 
the ones reported in our previous publications.48, 49, 88-90 The 
hydrogen microwave plasma treatment of the FLG was carried 
out at substrate temperatures of 500C (referred as graphone) 
at a chamber pressure of ~2 Torr with a treatment time of 90 s 
and microwave power of 150 W.23 Nitrogen 
doping/functionalization of FLG (referred as N-graphene) was 
carried out using an Electron Cyclotron Resonance (ECR) 
nitrogen plasma treatment for 5 min48; whereas Si is 
doped/functionalized (referred as siliphene) using RF-plasma 
glow discharge process with specific Ar/tetra-methyl-silane 
[TMS, Si(CH3)4] ratio at room temperature for 5 min.35  
 
Material Characterization 
Raman spectroscopy was performed using an ISA LabRam 
system equipped with a 632.8 nm He-Ne laser with a spot size 
of approximately 2-3 mm, yielding a spectral resolution of 
better than 2 cm-1. Due care was given to minimize sample 
heating by using a low laser power below 2 mW. The XPS 
spectrum was measured on a Kratos Axis Supra DLD employing 
an Al Kα radiation (1486.6 eV). The X-ray absorption near edge 
structure (XANES) spectra was obtained using the high-energy 
spherical grating monochromator 20A-beamline at the 
National Synchrotron Radiation Research Center (NSRRC), 
Hsinchu, Taiwan. The magnetic properties of these FLGs were 
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Figure 1: SEM images of (a) pristine FLGs, (b) Graphone, (c) N-graphene and (d) 
Siliphene. The (e) electron field emission behaviour showing current density (J) 
as a function of applied electric field (EA) and (f) Fowler-Nordheim plot obtained 
from EFE measurements. (a, b) Reproduced from S. C. Ray et al., Sci. Rep., 2014, 
4, 3862.  
characterized by a SQUID-type magnetometer with sensitivity 
better than 5 x 10-8 emu. The topographical and magnetic 
force microscopy (MFM) measurements were carried out using 
a Veeco Dimension 3100 AFM connected to a Nanoscope IIIa 
controller in the tapping mode configuration. To detect 
magnetic domains in the prepared samples, low moment 
magnetic probes with Co/Cr coatings were used. In addition, 
the electron field emission (EFE) was measured using a 
Keithley source meter. 
Results and discussion 
The scanning electron microscopy (SEM) images of all the FLG 
samples are shown in Fig. 1(a-d) respectively. It is evident that 
the as-synthesized, pristine FLGs are vertically aligned to the 
underlying Si substrate and are randomly intercalated with 
each other to form a porous mesh-like network [23]. The post-
growth H2 and N2 plasma treatment processes does not 
disturb the vertically aligned nature of the graphene platelets; 
however, the plasma treatment does lead to an increase in the 
number of sharp graphene edges throughout the graphone 
and N-graphene samples. It is also found that the apparent 
thickness of the edges of graphene platelets is reduced due to 
plasma etching effects as reported in our previous work [23]. 
However, for organo-silane-treated FLGs (siliphene), a 
significant increase in the thickness of FLG via the formation of 
round-shaped, rod- and tube-like structures was observed in 
the SEM image (Figure 1(d)). Figure 1(e) shows the plot for EFE 
current density (J) as a function of the applied electric field (EA) 
for graphene, graphone, N-graphene and siliphene. The figure 
shows the existence of a classical threshold electric field at 
which the current density, J increases significantly from a zero 
value. As compared to pristine FLGs, the threshold electric 
field is reduced for N-graphene whereas for graphone and 
siliphene, the threshold value increases, which suggests that 
the H and Si treatment increases the activation energy 
whereas the N treatment reduces the activation energy. The 
Fowler-Nordheim (F-N) plots shown in Fig. 1(f) clearly show 
the existence of threshold electric field or turn-on electric field 
(ETOE) which was measured by linear fitting of the curve in the 
high electric field region. For pristine FLGs, the ETOE value were 
26.5 V/μm, which was further increased to 29.3 (36.5) V/μm 
for graphone(siliphene) by the increase in the sp3-hybridized 
bonds in graphone/siliphine.23, 35, 39 In the case of N-graphene, 
the ETOE decreases to 20.0 V/μm due to the increase in the 
number of defect sites, lowering of the Fermi level and the 
possible enhancement of the sp2 bonding, as observed by 
Chiou et al.40 in nitrogen functionalized graphene nanoflakes. 
In the case of H and Si functionalised FLGs, the strong 
preference for sp3 bonding has been argued to be related to 
the outward relaxation of the H and Si atoms.23, 35, 39 The sp2 
hybridised bonds as well as the upwards movement of the 
Fermi level in the N-graphene network are responsible for the 
enhancement of electron field emission current whereas the 
H, Si doping induced sp3 bonding configuration leads to the 
reduction of field emission current due to the reduction in the 
metallic character. Therefore, reduction of the EFE current in 
graphone/siliphene is due to the decrease of the number of 
sp2 hybridized bonds in the network which are responsible for 
the metallic EFE current.41, 42 These results clearly indicate that 
H- and Si- doping promote the three-dimensional sp3 bonding 
configuration; whereas N-doping promotes sp2 bonding 
configuration.41, 42 
 
Raman Spectroscopy Figure 2 shows the deconvoluted Raman 
spectra of pristine FLGs along with graphone, N-graphene and 
siliphene in the range of 1200 – 3000 cm-1, obtained using a 
laser excitation of wavelength 632.8 nm. The main Raman 
spectra features of carbon-based materials are the G and D 
bands that lie around 1580 and 1350 cm-1, respectively. While, 
the G band corresponds to optical E2g phonons at the Brillouin 
zone centre; the D peak arises due to the breathing-like modes 
(corresponding to TO phonons close to the K point) and 
requires a defect for its activation via an inter-valley double 
resonance Raman process. Moreover, the intensity of the D-
peak provides a simple measure of the amount of disorder in 
graphene and graphene based structures. The overtone, 2D 
band appears at around 2680cm-1, being the sum of two 
phonons with opposite momentum, acts as a fingerprint for 
monolayer graphene and is present even in the absence of any 
defects.43-47 The D` peak observed at ~1620 cm-1, occurs via an 
intra-valley double resonance process in the presence of 
defects. Since the D band requires a defect to be Raman 
active, it is generally not used to characterize doping. 
However, both the G and 2D bands are both strongly 
influenced by the carrier concentration and they have been 
extensively studied for doping characterization.43-47 Detailed  
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Figure2. Raman spectra of pristine and functionalised FLG samples, (b) the 
changes occurring in the peak position of G and 2D band.  
analysis of band shape analysis of the Raman bands was 
carried out by undertaking analysis of the band shape and full 
width at half-maximum (FWHM) parameters by fitting the first 
and second order Raman spectra using Lorentzian peak shapes 
for the D, G, and G`(2D) bands, and Gaussian peak for the D` 
band. This is in accordance with our previous studies carried 
out on few layered graphene systems.23, 48, 49 As compared to 
the peak position (1580.5 cm-1) and the FWHM (23.4 cm-1) of 
the G band in pristine FLGs; upon nitrogen doping, the G band 
upshifted slightly to 1581.5 cm-1 with a corresponding increase 
in FWHM to 24.5 cm-1. It should be noted that although the G 
band peak shifts are more prominent in electrostatically gated 
monolayered graphene, nevertheless, similar stiffening of the 
G band along with FWHM enhancement has been previously 
observed in chemically doped graphene.48, 50, 51 This blue shift 
of the G band (E2g mode at Γ) along with the associated 
broadening of FWHM has been attributed to the nonadiabatic 
removal of the Kohn anomaly from the Brillouin zone center, 
Γ.48, 50, 51 The electron-cyclotron resonance plasma treatment 
induces the substitution of electron-donating nitrogen atoms 
into the graphene lattice, with the overall effect of a rise in the 
Fermi level that is then observed in the blue shift of the G 
band in Raman spectra.48 The incorporation of N into the FLG 
structure may generate C−N and N−N bonds at the expense of 
the C−C bonds. However, the C−N vibration modes, which lie 
between the G and D bands, cannot be identified owing to the 
insensitivity of Raman excitation to distinguish between the 
cross sections of C and N atoms. In electric field gated 
graphene, by applying suitable bias, both electron and hole 
conduction mechanisms are accessible by shifting the Fermi 
level and can be observed in the upshift of the G peak in the 
Raman spectra for both the cases.51 Similarly, the G`(2D) band 
shows an upshift from 2661.4 cm-1 to 2663.1 cm-1, with a slight 
increase in the FWHM from 43.7 cm-1 to 44.3 cm-1. This blue 
shift of the 2D band has also been observed by Yan et al., and 
has been attributed to the increased disorder and reduction in 
the crystallinity in N-doped graphene and is consistent with 
those observed in electrostatically gated graphene.51, 52 An 
I2D/IG ratio of >1 is indicative of the formation of bi-layer/tri-
layer graphene, whereas an I2D/IG ratio of <1 represents tri- or 
multi-layered graphene.53, 54 It is also observed that the G-
band shifts on hydrogenation and organo-silane treatment too 
which is caused by a change in charge density55 and moves the 
Fermi level of FLG. Correspondingly, upon hydrogenation, the 
G band downshifted to 1579.1 cm-1 with a lowering of FWHM 
to 21.5 cm-1. When hydrogenated, the graphone samples are 
expected to be electron doped as carbon is slightly more 
electronegative than hydrogen and is corroborated by the red 
shift observed in the G band position.55 The G`(2D) spectra of 
graphone samples shows a significant downshift from 2661.4 
cm-1 to 2657.9 cm-1 with a slight broadening of the line width 
from 43.7 cm-1 to 44.4 cm-1. This is accompanied by the change 
in the ID/IG (I2D/IG ratio) ratio to 0.32 (1.03) from 0.83 (1.02) for 
pristine FLGs, and as mentioned earlier signifies the formation 
of bi/tri-layered graphene. A similar reduction in the graphene 
layers upon plasma hydrogenation process has been observed 
previously as well and is corroborated by both the values of 
I2D/IG and the FWHM of the 2D band.56 In the recent study 
carried out by Eckmann et al., the ratio of D and D` bands was 
used to comment upon the nature of defects induced in 
graphene through fluorination and Ar+ bombardment.57 In 
their study it was observed that the ID/ID` ratio was maximum 
(~13) for sp3 type defects and reaches a minimum (~3.5) for 
boundaries in graphite.57 In our study, the ID/ID` ratio varied 
from 3.03 for pristine FLGs vs. 3.23 for FLG:N and 5.5 for the 
FLG:H samples. The rather high value of ID/ID` for the pristine 
samples can be attributed to the finite crystallite size and 
hence the presence of boundaries, the combination of which 
leads to the defect induced D peak as well. While both the N-
Graphene and Graphone samples were prepared using plasma 
modification, the differences in the working pressures as well 
as the power leads to significant differences in the formation 
of defects. For graphone samples, the increase in the ID/ID` 
ratio can be attributed to the formation of sp3 bonds as well as 
the vacancy-like defects produced due to H+ bombardment in 
the microwave plasma.23  While the N+ ion bombardment too 
will produce substitutional and vacancy-like defects in the 
graphene lattice, the electron-cyclotron resonance conditions 
used for functionalisation limits the amount of defects 
produced in the graphene lattice due to the lower ion energy 
of the species.48 Similarly, upon organo-silane treatment, the 
ID/ID` ratio increased to 3.30 from 3.03 for pristine FLGs which 
again can be attributed to the formation of sp3 type defects 
and structures for FLG:Si samples. From the Raman spectrum 
of siliphene, it can be observed that there are no significant SiC 
segregations or clusters in siliphene. As compared to pristine 
FLGs, both the D and G bands for siliphene are upshifted to  
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Figure 3. C K-edge XANES spectra of the pristine and plasma functionalised FLGs 
with the lower inset showing the signatures of C-H bonds and interlayer graphite 
states. The inset above shows the changes in the C1s core level XPS spectra.  
1333.0 and 1581.3 cm-1, respectively accompanied by the 
broadening of D (45.1 cm-1 from 30.7 cm-1 for pristine FLG) and 
G bands (24.4 cm-1 from 23.4 cm-1 for pristine FLG). This 
broadening of the bands can be attributed to the formation of 
large number of sp3-hybridized atoms in siliphene after the 
weakening of the C-C bond caused due to bonding with the Si-
atom. The consequential reduction of the ID/IG ratio (a sp2/sp3 
signature) upon functionalization with Si 
[FLG:0.80→siliphene:0.39] also indicates the formation of 
large number of sp3-hybridized atoms via a partial conversion 
of the sp2 bonding, which is a mixture of single and double C-C 
bonds, to the sp3 bonding with only single C-C bonds. The 
G`(2D) band for siliphene samples does not show any 
appreciable movement, however a significant increase in the 
FWHM of the 2D band is observed wherein it increases from 
43.7 cm-1 to nearly 51.6 cm-1 accompanied by a reduction in 
the I2D/IG ratio to 0.49 from 1.03 for pristine FLGs. From the 
SEM image of Figure 1(d), it can be clearly observed that the 
organo-silane treatment clearly leads to an increase in the 
edge thickness of the flakes which thereby leads to the 
formation of multi-layer graphene like structures. Since the 
FLG are vertically aligned on a Si-substrate, it is expected that 
only the top-most surfaces of the FLG would be predominantly 
accessible to atomic hydrogen/nitrogen/silicon during the 
functionalization procedure. 
XANES and XPS analysis: For graphitic materials in general, the 
X-ray Absorption near edge structure (XANES) spectra can be 
divided into three regions characterized by specific resonance 
energies.58 The first region of π* resonance appears around 
285 1 eV, the C-H* resonance around 288  1 eV, and a broad 
region between 290 eV – 315 eV corresponds to σ* resonance. 
The presence of the π* and C-H* resonances serve as a 
fingerprint for the existence of sp2 hybridized C-C bonds and C-
H bonds, respectively. Figure 3 shows the C K-edge XANES 
spectra of the FLGs with spectral features at ~285.1 (1) eV, 
~292.6 (1) eV and ~291.6 (1) eV; which are attributed to the 
unoccupied 1s π*, 1s σ* and excitonic states transitions, 
respectively.58 The peak positions for graphone are similar to 
that of pristine FLG, but the absorption edges of  N-
graphene/siliphene are shifted towards higher/lower energy 
levels that can be seen clearly from the first order derivatives 
of all the C K-edge XANES spectra shown in S1 (Supplementary 
information). This change in the absorption edge is attributed 
to the change in the band gap of N-graphene/siliphene due to 
the structural rearrangement via carbon bonding with nitrogen 
and silicon, respectively.59, 60 Apart from the π* and σ* 
resonance peaks, two other peaks at ~287.4 (1) eV and 
~288.5 (1) eV are observed and are ascribed as signatures of 
C-H bonds and interlayer graphite states, respectively (also 
shown inset below in figure 3). When compared to the pristine 
FLG spectra, the graphone spectra show an increased intensity 
of the C-H peak accompanied by a reduction in the interlayer 
graphite peak intensity. This increase in the C-H peak intensity 
confirms the formation of sp3-rich structures having a higher 
content of C-H bonds. In the case of N-Graphene, the CK-edge 
XANES spectrum shows a strong peak at 0.2 eV below the 
interlayer graphite peak (marked with a green line bar), which 
may arise from the contribution of N- and O- related bonds in 
N-graphene. The Si-functionalized C K-edge XANES spectra 
show that both the π* and σ* peaks are wider and show a 
downward energy shift which is different from graphone/N-
graphene. A similar downward energy shift has also been 
observed in Si-treated diamond-like carbon thin films59 
indicating the change of band gap of the material. The wide π* 
region may be double features due to the possibility of the 
formation of two different kinds of bonds, namely, Si-C(:H) /Si-
C(:O) and sp2 C-C bonds, which were also observed by 
Terekhov et al. in their XANES study of a-Si0.4C0.6:H composite 
materials.60  
 The general line shape of the C K-edge XANES spectrum of 
SiC/β-SiC60, 61 is clearly very different from that of siliphene, 
which indicates the absence of SiC segregations in siliphene. 
The π* feature becomes wider for siliphene and similar 
broadening has also been observed in CVD diamond (see 
reference 5, Figure 6). On comparison with the spectral 
features of the CVD diamond60, 61, the siliphene can be 
concluded to contain an increased number of sp3-hybridized 
atoms with diamond-like character. Again, the interlayer 
graphitic peak is not observed in case of siliphene like 
graphone/N-graphene, thus, there is a possibility of the  
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Figure 4. (a) N K-edge XANES spectra of N-graphene with its deconvolution in the 
inset, (b) Si L-edge XANES spectra of siliphene with its corresponding 
deconvolution in the inset, (c) N 1s XPS spectra of N-graphene with its 
deconvolution and (d) Si 2p-Si 2s XPS spectra of siliphene with their 
corresponding deconvolution in the inset.  
formation of the Si-C(:O) bonding in addition to the Si-C(:H) 
bonding. Inset above in Figure 3 shows the C 1s core-level XPS 
spectra. The peak observed at ∼285.0 eV for both FLGs and 
graphone can be assigned as the C-C bond, which is shifted to 
the higher energy at ∼285.2 eV and became broader for 
siliphene. Pedio et al.62 studied the dependence of the 
formation of C60 on silicon surfaces on the annealing 
temperature using C 1s XPS measurements and found that the 
C-C bond and C-Si bond features are located at 284.2 and 
282.6 eV, respectively. In the present case, the spectral 
features are different and apparently do not have the 
signature of SiC segregations in C 1s core-level XPS spectra, 
which further confirms enhanced sp3 bonding (i.e., diamond 
and/or diamond-like carbon) rather than sp2 bonding (like 
graphite and/or CNTs) and/or C-Si bonding. This result is 
consistent with those obtained from Raman and XANES 
measurements. The enhancement of Si-C tetrahedral bonding 
(sp3 bonding) and reduction of sp2 bonding improves the 
reactivity of siliphene, as the surface atoms with sp3 bonding 
have dangling bonds. In the case of N-graphene, the C 1s peak 
position is shifted to a lower energy level at ~282.1 eV 
indicating the formation of more graphitic structure and 
probable with the formation of nitrogen bonding in N-
graphene. Moreover for detailed analysis about the presence 
of nitrogen-bonding and Si-bonding with C in N-graphene/ 
siliphene, we have also studied the N K-edge (Si L-edge) XANES 
and N 1s (Si- 2p-2s) XPS spectra, the results of which are 
discussed below. 
 Figure 4 shows the N K-edge (Si L-edge) XANES and N 1s (Si- 
2p-2s) XPS spectra of N-graphene/siliphene. The π* region of N 
K-edge XANES spectrum was deconvoluted into three 
components, while the N1s XPS spectra was deconvoluted into 
two components using Gaussian lineshapes; which are shown 
in figure 4(a, c), respectively. The four peaks in the NK-edge 
XANES spectrum are located at ~396.7, 397.7, 398.7 and 399.9 
eV which can be attributed to nitrogen in nitride phase, 
pyridine-like bonding and pyrrole/subsitutional graphite like 
bonding.63 Similar peak positions have been observed by Geng 
et al. in their study of nitrogen doping effects on the structure 
of graphene. The π* resonance peak at 397.7 eV is attributed 
to pyridine-like bonding and arises from transitions from the K-
shell (N1s) to the unoccupied π* orbital.64, 65 The two peaks 
observed in the N 1s XPS spectrum are at ~395.7 and 397.4 eV 
and can be ascribed to nitride-like species or aromatic N-
imines and pyridine like species66 and is corroborated by N1s 
XANES spectra. The peak position of the pyridine like species is 
however 1.0 eV lower to that reported by Liu et al in the case 
of nitrogen doped graphene oxide.33 For siliphene, the Si L-
edge spectrum is composed of four Gaussian peaks at 104.7 
(I), 106.2 (II), 108.0 (III) and 108.5 eV (IV). These peaks are 
mainly Si 2p3s transition (Peak I and II), split into L2,3-peak, 
and Si 2p3p/3d transitions (peak III and IV) as observed by 
Gaultois et al. in (TiO2)x(SiO2)1-x composite67, Li et al. in quartz68 
and Tsai et al. in SiO2 materials69. The curve fitting of the Si 2p 
XPS was carried out using four Gaussian peaks at 101.6 (I), 
103.0 (II), 104.2 (III) and 105.6 eV (IV), corresponding to Si-C, 
Si-C(:O)/Si-C(:H), Si-O and SiOx species respectively35, 70, 71, 
although we have not observed any prominent Si-C peak in 
XANES spectrum. The results match very well with those 
observed for SiC thin films prepared using chemical vapor 
deposition method.71 While the Si incorporation occurs in the 
graphene lattice to form sp3-hybridized atoms or tetrahedral 
bonding with diamond-like character; the post 
functionalisation exposure of the samples to the ambient 
environment leads to the formation of Si-C(:O)/Si-C(:H) 
bonding. In Si 2s XPS decomposed into three peaks viz. 
151.6(I), 153.7(II) and 156.4(III) and ascribed as Si-Si (I) and Si-
O (II& III).70 
 
Magnetic Measurements: Now, the magnetic properties of 
the FLG and graphone/N-graphene/siliphene were measured 
within the range of -2 kOe < H < 2 kOe at temperatures of 300 
K and 40 K, respectively. The measured magnetic hysteresis 
loops are shown in Figure 5, with the N-graphene (Figure 5c) 
showing the most expressed ferromagnetic behaviour with 
lowest field hysteretic features (Hr = 40 Oe) and highest 
saturation moment (Ms = 118.62 x 10-4 emu/gm), whereas the 
siliphene shows highest hysteretic features (Hr = 120.03 Oe) 
and lowest saturation moment (Ms = 0.11 x 10-4 emu/gm). As 
compared to the pristine FLGs (Ms = 3.47 x 10-4 emu/gm), the 
magnetic moment values of graphone (figure 5b) is higher (Ms 
= 13.94 x 10-4 emu/gm) due to the incorporation of hydrogen 
in the FLG as observed in C K-edge XANES spectrum, resulting 
in the formation of sp3 hybridized carbon structure through 
mono and possible di-hydrogen termination. Similar increase 
in the magnetic properties of graphene exposed to hydrogen 
has been reported recently by Herrero et al., wherein they 
deposited a single hydrogen atom on top of graphene and 
then utilised scanning tunnelling microscopy to detect 
magnetism on the sublattice lacking the deposited atom.72 In 
the case of siliphene, the spectral feature is entirely different   
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Figure 5. Magnetic hysteresis loops obtained for (a) FLG, (b) Graphone, (c) N-
graphene and (d) Siliphene at 300 K and 40 K, respectively.  
than graphone/N-graphene and is considered as mixed dia- 
and ferro-magnetic in nature as shown in S2 (Supplementary 
information). Due to presence of mixed dia- and ferro-
magnetic nature, we have subtracted the diamagnetic 
background revealing that the saturation magnetic moment is 
~ 0.11 x 10-4 emu/gm only, significantly lower as compared to 
graphone/N-graphene and even lower than pristine FLGs (Ms = 
3.47 emu/gm) as shown in figure 5(d). As the FLG are free from 
any catalyst remnants (Supplementary Information, Fig. S3) 
and detectable foreign magnetic impurities, the observed 
magnetism can be attributed to the defects and vacancies 
created during synthesis, and the creation of sp3 hybridised 
structures.73-75 Previously, He et al., reported the 
magnetisation of the 12C+ implanted highly oriented pyrolytic 
graphite (HOPG) was found to be closely correlated with the 
density of defects and an almost linear relationship between 
the ID/IG ratio and saturation magnetisation was observed.76 
As the N-graphene shows the highest ID/IG ratio, it is expected 
and indeed observed that the N-graphene displays highest 
magnetization value, followed by the graphone.  
 Even though the nitrogenation33 and hydrogenation23, 77 
may possibly occur on only the top-most surface layers of the 
FLG; thereby favouring the higher observed saturation 
magnetic moment compared to pure FLG; but their inherent 
mechanisms are different to each other. In the case of 
hydrogenation, the magnetism is due to the formation of sp3-
rich hybridized structure thereby favouring ferromagnetism, as 
reported in our earlier work23 and similar to those reported 
earlier78; whereas, for nitrogenation the magnetism is due to 
the extra π-electron from nitrogen making the structure 
electron-rich, thereby, enhancing the magnetic coupling 
between magnetic moments33. In their recent work, Miao et 
al. observed enhanced ferromagnetism in N-doped graphene 
with an increase in the saturation magnetisation and coercive 
field with an increase in the nitrogen content, especially 
pyrrolic groups of the samples which can induce a net 
magnetic moment of 0.95 μB/N.79 Based on different hydrogen 
attachment configurations on graphene, Yazyev et al 
predicted80 that the ortho-dimers and para-dimers are 
nonmagnetic, while single hydrogen attachment (monomer) 
are magnetic in nature.80 This may explain why graphone is 
more magnetic than FLG. Wang et al.81 proposed long-range 
coupling of spin units (defects) to be responsible for 
ferromagnetism in graphone whereas Xie et al.,82 for partially 
hydrogenated graphene, have invoked the formation of 
unpaired electrons in graphene which together with the 
remnant delocalised π bonding network introduces the 
observe ferromagnetism. In the case of N-graphene, the Fermi 
level shifts upwards due to the extra π electron that makes 
graphene electron-rich.34 The shift of C K-edge and formation 
of different carbon – nitrogen bonds observed in N K-edge 
XANES spectra clearly indicated the formation of π electron 
and Fermi level shift. The high value of ID/IG ratio of N-
graphene also implies the defect rich N-graphene. This result 
suggested that the magnetic properties of the super lattices 
were entirely determined by the graphitic region due to the π 
character of the spin density. Thus, N-doping enhances the 
direct type of magnetic coupling between the magnetic 
moments due to the decrease in the distance between the 
magnetic moments. Moreover, the presence of magnetic 
exchange or coupling between the localized magnetic 
moments is a necessary ingredient for the magnetic 
cooperative behaviour such as ferromagnetic ordering. It is 
noted that the specific contribution made by each specific type 
of two N types (pyridine-like and cyanide- like) is complicated, 
and it is difficult to clarify the specific contribution in N-
graphene. Interestingly, the nitrogen doping (N-graphene) 
increases the magnetization by almost 34 times as compared 
to pristine FLGs. Similar enhancement of magnetisation (~15 
times higher) was also observed by Liu et al.33 in their study of 
nitrogen doped GO. So, it is very clear from this study that N-
doping result in the increase of the magnetization of FLG and 
the generation of ferromagnetism. In the case of siliphene, it is 
observed from the C K-edge XANES spectra that the sample 
contains an increased number of sp3-hybridized atoms or 
tetrahedral bonding with diamond-like character with 
possibility of the formation of the Si-C(:O)/Si-C(:H) bonding. 
The Si-C/Si-O bonding is observed in the Si L-edge XANES as 
well as the Si 2p-2s XPS spectrum. As compared to pristine 
FLG, the band gap of siliphene is enhanced. As pure SiC is a 
direct band gap semiconductor material, the conduction band 
bottom and valence band maximum are located at Brillouin 
Zone -point and have no phenomena of spin polarization; 
thereby non-defective tetrahedral bonding SiC has no 
magnetism.81 Hence, the magnetization is reduced after 
formation of SiC and SiO in the siliphene structure.  
 
MFM measurements: Further detection of the magnetic 
domains in the pristine and graphone/N-graphene/siliphene 
was carried out by magnetic force microscopy (MFM) 
measurements using low moment magnetic probes with Co/Cr 
coating. Figures 6 & 7 show the topographic (height), 
amplitude and phase signals imaged simultaneously for both 
tapping mode AFM (TM-AFM) and magnetic force microscopy 
(MFM) mode to assess the correlation of surface features, 
identify and eliminate possible artifacts and to assess the  
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Figure 6. Atomic Force Microscopy (topography, phase, amplitude) images of 
pristine FLG (a–c), Graphone (d–f), N-graphene (g–i) and Siliphene (j-l). 
effects of functionalization on magnetization. The magnetized 
Co/Cr coated probe interacts with magnetic field gradients 
generated by magnetic domains within the prepared FLGs 
resulting in changes in the phase and amplitude of the 
oscillating cantilever. To assess the correlation of surface 
features and the effects of magnetization, the topographic 
(height), amplitude and phase signals were imaged 
simultaneously for both conventional topographical imaging 
and magnetic measurements. MFM data were acquired while 
maintaining a constant “lift scan height” of ~10 nm above the 
topography (height) data to reduce coupling between Van der 
Waals and magnetic forces and also to demonstrate the field 
strength generated by the magnetic domains. In “lift-scan” 
mode, the topography is measured in the dynamic amplitude 
modulation mode after which the tip is then moved at a 
constant distance above the surface during which the 
magnetic component of the data is recorded.23 In theory, the 
topographic contributions should get eliminated in the second 
image. Comparing the AFM scans of the samples with the 
MFM scans, while no significant changes are observed in the 
topographic signal; significant differences are observed in the 
phase and amplitude scans. For the conventional AFM scans, 
the phase signal is essentially a map of how the phase of the 
cantilever oscillation is affected by its interaction with the 
sample surface and is affected highly by topography among 
other factors such as chemical nature, relative 
hardness/softness of the sample. Since the MFM signal 
represents the phase shift between the probe oscillation and 
the driving signal due to magnetic force acting on the tip, 
therefore by visualising/measuring the changes occurring in  
 
Figure 7. Magnetic Force Microscopy (topography, phase, amplitude) images of 
pristine FLG (a–c), Graphone (d–f), N-graphene (g–i) and Siliphene (j-l). 
the amplitude and phase images, the existence of magnetic 
domains in the samples can be ascertained.  
 For a true quantitative interpretation of the MFM images, 
it is necessary to have precise knowledge of the geometry, 
magnetic properties of the tip and the tip-sample interactions 
in order to express the force acting on the tip, which has only 
been achieved in special cases.83, 84 Nevertheless, a qualitative 
analysis can be carried out by considering the phase and 
amplitude changes observed in the MFM images (Fig. 7). It 
should be noted that an attractive interaction between the 
between the tip and the sample leads to a negative phase shift 
(dark contrast), while a repulsive interaction will lead to a 
positive phase shift (bright contrast). In fact, the MFM phase 
and amplitude images show a very good correlation in the 
formation of the magnetic domains. For all the FLG samples, 
the magnetic domains appear as dark and bright-localized 
regions in the phase and amplitude images respectively. 
Considering Figs. 7(c, f, i, l) representing amplitude images of 
pristine, graphone, N-graphene and siliphene, it can be clearly 
observed that the magnetic domains in the graphone/N-
graphene are more localized than in the case of pristine FLG 
and indeed siliphene. Especially, in the case of siliphene, the 
lack of contrast in phase and amplitude images with respect to 
pristine FLGs showed a reduction in the presence of magnetic 
domains which essentially leads to the lowering of the 
magnetic response from the sample. A simple visual scaling of 
MFM phase data suggests that the siliphene has the weakest 
magnetization, whereas the N-graphene/graphone the 
strongest magnetization effect, which is consistent with the M-
H magnetization results, described above.  
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Effect of functionalisation: The application of graphene is 
limited in spintronics devices due to its semi-metallic 
behaviour. Hence, opening of the zero bandgap of graphene to 
semiconducting region is highly necessary with the fabrication 
of p-type and n-type semiconductors. For any type of 
spintronics device application, the materials should have 
semiconducting and enhanced magnetic properties. Hence, it 
is necessary to choose a particular element to functionalize the 
graphene to induce semi-metallic behaviour to semiconducting 
behaviour without compromising beneficial magnetic 
properties so that the materials can withstand the applications 
as observed in diluted magnetic semiconductor (DMSs). It is 
well known that graphene possesses very profitable magnetic 
behaviour due to its sp2 hybridization bonding between 
carbons. The magnetic hysteresis of the samples show a form 
of ferromagnetic field response i.e. induced ferromagnetism 
behaviour both at low temperature and room temperature in 
all pristine and functionalized systems [Fig. 5(a-d)] wherein an 
increase in the saturation magnetization is observed; which is 
a natural consequence of quenching of thermal energy from 
the magnetic spin system upon lowering the temperature. 
However, the magnetic moment at low temperature is higher 
than the room temperature. This indicates the defective 
structure associated in the graphene is due to the disruption of 
the sp2 hybridization of the carbon atoms. It is noteworthy 
that graphene usually shows p-type conduction due to the 
presence of adsorbed oxygen or water molecules on the 
graphene surface. Hence, graphene functionalized with H, N 
and Si is taken in consideration to form n-type semiconductor 
and to observe how magnetic behavior changes with respect 
to the functionalized elements. 
 Hydrogen incorporation of graphene increases the sp3 
hybridization but bonding with carbon reduces the defect 
present in the pristine graphene sheet. In this case, there is 
not much variation in the saturation magnetization value at 
low and room temperature as shown in Fig. 5(b). The 
saturation magnetization value is increased to four times the 
saturation value of pristine graphene. Even the magnetic 
behaviour is enhanced by the functionalization of H, but it is 
not considered suitable materials to use in field effect 
transistor, memory storage devices and other spintronics 
devices due to small opening of the bandgap (i.e. 0.27 eV).85 
However, nitrogen doped/functionalized graphene sheet (N-
graphene) shows significant enhancement of magnetism as 
observed and shown in Fig. 5(c). It was reported earlier by the 
authors and many other groups33 that nitrogen has a strong 
affinity towards carbon and forms sp2 like hybridized bonds. 
Not only does the sp2 hybridization bonding increases but as 
well it increases the percentage of unpaired electrons due to 
its electronic structure of 1s22s22p3. As Nitrogen’s p orbital is 
half filled, its bonding with carbon is always left with one 
unpaired electrons. This unpaired electron is the mechanism of 
enhancing the saturation magnetization in a large value i.e. 34 
times higher than the saturation magnetization value of 
graphene. It is reported that the bandgap of N-functionalized 
graphene is almost 1.23 eV85 and the nature of semiconductor 
is of n-type. However, maximum opening of bandgap can  
Table 1: Magnetic properties of the pristine and plasma treated graphene 
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occur up to 2.01 eV depending upon the percentage of Si in 
graphene86 and the structure is popularly known as siliphene. 
The M-H loop measurements for Si functionalized graphene 
are plotted in Fig. 5(d). The as measured data demonstrates 
magnification values that are extremely small, viz more than 
one order of magnitude smaller than the other materials 
studied in this report, hence a diamagnetic signal was detected 
especially at higher fields in the form dM/dH <0.  It is observed 
that the saturation magnetisation was decreased by 30 times 
in comparison to the pristine graphene. 
This reduction in the magnetic behaviour suggests that Si 
incorporation in to graphene forms a strong interaction 
between Si-C which are tetrahedral bonded at the cost of sp2 
hybridization present in graphene. However, during synthesis 
and subsequent exposure to the ambient environment, the 
contamination of oxygen occurs with Si and forms a bond Si-O 
and as a consequence, it reacts with carbon contain graphene 
and forms clusters like Si-O-C (defect structure). This is the 
mechanism behind the observation of ferromagnetic 
behaviour. Here, the saturation magnetization does not vary a 
lot at 40 K and 300 K, which represents that there is a 
structural ordering between Si and C. It is reported in literature 
that the incorporation of Si in graphene transforms the semi-
metallic magnetic graphene to semiconducting magnetic 
graphene which has a large area of application field emission 
transistors and in spintronics devices. In this case, Si is a good 
candidate to provide both semiconducting as well as magnetic 
properties in graphene if Si can be doped in a controlled way. 
As in our study, Si incorporation reduces the magnetization 
value severely but on the other hand opens a new path for the 
application in spintronics devices. 
 To have a comparative view on saturation magnetization, 
remnant magnetization and coercivity of H, N and Si 
functionalized graphene, the analysis has been presented in 
Table 1. It seems that the coercivity values of siliphene are 
highest and the corresponding saturation magnetisation are 
lowest compared to graphone/N-graphene. Similar behaviour 
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has been observed in graphene oxide and reduced graphene 
oxides and has been attributed to an increase in the structural 
disorder leading to an increase in the anisotropy energy 
density which leads to an increase in the coercivity.87 The 
siliphene is amenable to high coercivity ferromagnetic 
materials and are known as magnetically hard materials; 
whereas the N-graphene shows low coercivity and are termed 
to be magnetically soft materials. However, the coercivity 
values of graphone/N-graphene/siliphene are almost similar at 
40 K and 300 K respectively, indicating that all the elements 
are homogenously distributed throughout the graphene matrix 
and have no thermal evolution of the magnetic species or the 
coupling between them. This homogeneous arrangement of 
functionalized elements in graphene represents the synthesis 
technique adopted is a unique one for the fabrication of 
junction devices and field effect transistors as desired for 
semiconductor applications.   
Conclusions 
In summary, we have observed the room-temperature 
ferromagnetism of different FLG materials functionalized with 
hydrogen/nitrogen/silicon species. The ferromagnetism may 
originate in the long-range coupling of spin units existing as 
defects in graphene sheets, which are generated during 
functionalization process. But more direct evidence is needed 
for a quantitative assessment. The intrinsic room-temperature 
ferromagnetic character of the materials, but without the 
constraint of spontaneous magnetization, combined with its 
semi-conductivity and functionalization capability, should have 
wide-reaching implications in material science, and these 
collective properties could make graphene-based materials a 
competent choice for many important device applications, 
including spintronics, magneto-resistance, magnetic memory 
devices, and so on. Our results may also prompt more 
thorough and quantitative assessment of room-temperature 
ferromagnetism of pure FLG, including graphone/N-
graphene/siliphene. Moreover, we believe that the non-
uniform distribution of the hydrogen, nitrogen and silicon 
atoms over the FLG plane may also produce ferromagnetic 
clustering or spin-glass dynamics with attributes that would 
also deserve further in-depth studies beyond our present state 
of magnetization. 
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